Abstract. Ailanthone, which is extracted from the traditional Chinese medicinal plant Ailanthus altissima, has been thoroughly demonstrated to have anti-tumor, anti-HIV, anti-inflammatory, anti-malarial, anti-allergic and anti-microbial activities. However, the anti-proliferative effects of ailanthone on HL-60 cells and potential mechanisms underlying those effects have not been reported. In the present study, we demonstrated the potent cytotoxicity of ailanthone against HL-60 cells. Annexin V-APC/7-ADD staining assay indicated that ailanthone increased the number of apoptotic cells in a dose-dependent manner. PI staining showed that ailanthone increased the percentage of G0/G1-phase cells in a dose-dependent manner. Acridine orange staining suggested that ailanthone induced the formation of acidic vesicular organelles in HL-60 cells and pretreatment with BaF-A1 could attenuate this process. Western blotting showed that ailanthone up-regulated the protein expression levels of beclin-1 and LC3-II and down-regulated those of LC3-I and p62 in a dose-dependent manner. Use of BaF-A1 showed that the anti-proliferative effects of ailanthone on HL-60 cells may be partly attributable to the induction of autophagy-mediated apoptosis by MTT assay and annexin V-APC/7-ADD staining assay.
Introduction
Leukemia makes up about 1/3 of the case of cancer in people younger than 15 years old and is not uncommon in adults (1) . Despite significant advances in the chemotherapeutic management of leukemia, post-remission relapse occur frequently in most patients (2) . In this way, it is imperative to find more efficient low-toxicity agents to use in chemo-preventive therapies for leukemia.
Ailanthone, which is extracted from traditional Chinese medicinal plant Ailanthus altissima (3) , has been well-demonstrated to have anti-tumor, anti-HIV, anti-inf lammatory, anti-malarial, anti-allergic, and anti-microbial activities (4, 5) . The growth-inhibitory effect of ailanthone on varieties of tumor cells (He La, Jurkat, Hep G2, Hep3B, R-Hep G2, MCF-7, MDA-MB-231, Huh7 and A549) in vitro has been reported (6) (7) (8) (9) . However, the cytotoxicity of ailanthone on human HL-60 leukemia cells and its underlying molecular mechanism are poorly understood.
Apoptosis, type I programmed cell death, is a series of physiological changes that are mediated by genes and proteins, and the cells depend on this mechanism to activate their own destruction. If pathological interference take place during the process of apoptosis, malignant tumors may form (10) (11) (12) . Autophagy, type II programmed cell death, is a conserved decomposition process that allows the degradation and recycling of cytoplasm, aggregated proteins, and excess or defective organelles (13) . Autophagy is mainly a response to the stress of irradiation (14) , chemotherapeutic drugs (15) , or starvation (16) . Despite its contribution to cell survival, previous studies have demonstrated that several anti-tumor agents induce cell death with autophagic features in various cancer cells (17) (18) (19) .
In the present study, we sought to investigate the cytotoxicity of ailanthone in human HL-60 leukemia cells in vitro and to elucidate the mechanisms that may underlie its actions. We are searching for a new natural anti-tumor drug that is efficient and has minimal toxicity.
Materials and methods

Materials.
The pure ailanthone used in this study was extracted from Ailanthus altissima. The ailanthone sample (purity >98%) was provided by the Institute of Traditional Chinese Medicine and Natural Products, Jinan University (Guangzhou, China). Dimethyl sulfoxide (DMSO) was purchased from Shanghai Joey Chemical Reagent Co., Ltd., (Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diAilanthone induces autophagic and apoptotic cell death in human promyelocytic leukemia HL-60 cells phenyl-tetrazoliumbromide (MTT) was purchased from Amresco, LLC, (Solon, OH, USA). Propidium iodide (PI) and acridine orange (AO) was purchased from Nanjing Key Gen Biotech Co., Ltd., (Nanjing, China) RPMI-1640 medium was purchased from Gibco; Thermo Fisher Scientific, Inc., (Waltham, MA, USA). Fetal bovine serum (FBS), penicillin/streptomycin solution (PS), and antibodies for LC3I/II, beclin-1, p62, GAPDH were obtained from Nanjing KeyGen Biotech Co., Ltd. Autophagy inhibitor Bafilomycin-A1 (BaF-A1) was purchased from Boster Biological Technology Co., Ltd., (Wuhan, China).
Cell line and culture. Human promyelocytic leukemia HL-60 cells were obtained from Nanjing Key Gen Biotech Co., Ltd. HL-60 cells were cultured in RPMI-1640 medium with 10% FBS and 1% PS solution in a humidifying thermostat with 5% CO 2 at 37˚C. Stock solutions of ailanthone were prepared in DMSO and stored at -20˚C and diluted to the required concentration with RPMI-1640 complete medium.
MTT assay of cell viability. The cytotoxicity of ailanthone in human HL-60 cells was assessed by using the MTT assays. Exponentially growing HL-60 cells (5x10 4 cells/well) were seeded and cultured in 96-well plates for 24 h and then treated with various concentrations of ailanthone (1.25, 2.5, 5, 10, and 20 µM) or 0.1% DMSO (control group) for 24, 48 and 72 h at 37˚C. 20 µl MTT (5 mg/ml) was added to each well of the plate and then cultured for 4 h at 37˚C. Subsequently, cells were washed in PBS followed by the addition of 150 µl DMSO. Micro-plate spectrophotometer (RT-6000; Rayto Life and Analytical Sciences Co., Ltd., Shenzhen, China) was used to measure the optical densities at 490 nm spectral wavelength.
Flow cytometric analysis of cell apoptosis. HL-60 cells (5x10 5 cells/well) were seeded into 6-well plates and cultured for 24 h at 37˚C, and were then treated with various concentrations of ailanthone (5, 10, and 20 µM ) or 0.1% DMSO (control group) for 48 h at 37˚C, respectively. Cells were washed twice in cold PBS, and then the cell pellets were mixed with annexin V APC/7-ADD (Nanjing Key Gen Biotech Co., Ltd.) for 15 min at 37˚C in the dark. Cell apoptosis was were evaluated using a FACSCalibur Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and the rate of cell death was analyzed using a FACSCalibur internal software system (BD Biosciences). Western blotting. HL-60 cells (5x10 6 cells/well) were washed twice in cold PBS and suspended in radio immune-precipitation assay lysis buffer (Nanjing Key Gen Biotech Co., Ltd.) on ice for 30 min, then treated with various concentrations of ailanthone (5, 10, and 20 µM) or 0.1% DMSO (control group) for 48 h at 37˚C, respectively. The lysates were then cleared by centrifugation at 14,000 x g for 15 min at 4˚C. Subsequently, a bicinchoninic acid protein assay kit (Nanjing Key Gen Biotech Co., Ltd.) was used to measure the total protein concentration of each sample. The Protein samples (30 µg) were separated by 15% SDS-PAGE in each group and then transferred onto polyvinylidene difluoride membranes (Pall Life Sciences, Port Washington, NY, USA). Membranes were stuck with 5% (w/v) non-fat dry milk dissolved in TBS containing 0.05% Tween-20 (TBST) at room temperature for 1 h, and then washed three times with TBST. Subsequently, membranes were incubated with primary antibodies against beclin-1 (1:200), p62 (1:200), LC3I/II (1:200), and GAPDH (1:400) for 12 h at 4˚C. The members were washed three times with TBST, and then incubated with HRP-conjugated goat anti-rabbit (1:2,000) IgG (Nanjing Key Gen Biotech Co., Ltd.) secondary antibodies at room temperature for 1 h. The immune-reactive bands were visualized with enhanced chemiluminescent substrates (Thermo Fisher Scientific, Inc.) using an X-ray film processor (Kodak, Rochester, NY, USA). GAPDH served as a loading control. The experiment was independently repeated three times, and Quantity One software (v.4.6.2; Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to analyze the densitometry of each band.
Statistical analysis. Data are here expressed as means ± SD. With SPSS software for windows v.17.0 (SPSS, Inc., Chicago, IL, USA), one way ANOVA followed by Newman-Keuls multiple comparison test was used for analysis of variance and the student's t-test was used for pair-wise comparison. P<0.05 was considered to indicate a statistically significant difference.
Results
Ailanthone inhibits cell proliferation in HL-60 cells.
Ailanthone share its chemical structure with the triterpenoids. Triterpenoids have many physiological activities, including anti-tumor activities (Fig. 1A) . The MTT assay was used to assess the cytotoxicity of ailanthone in HL-60 cells. Treatment with ailanthone reduced the viability of HL-60 cells in a doseand time-dependent manner (Fig. 1B) 
Ailanthone induces apoptosis and cell cycle arrest in HL-60
cells. An annexin V-APC/7-ADD staining assay was used to confirm that ailanthone induced apoptosis in HL-60 cells. In the right quadrants of flow cytometry graphs, ailanthone significantly increased the number of apoptotic cells ( Fig. 2A ). After treatment with 5, 10, and 20 µM ailanthone for 48 h at 37˚C, the rate of apoptosis among the cells was increased significantly from 42.02 to 59.68% and the percentage of apoptotic cells was 42.02±0.54, 52.05±2.27 and 59.69±0.25%, which was significantly higher than in the control group (3.92±0.14%; P<0.05; Fig. 2B ). In order to determine whether the anti-proliferative effect of ailanthone on HL-60 cells was attributable to cell cycle arrest, we measured DNA content as an indicator of the cell cycle phase ratio by flow cytometry with PI staining (Fig. 3A) . The percentage of G0/G1 cells increased significantly in a dose-dependent manner and cells in G0/G1 phase was 53.54±0.88, 58.42±0.31, and 65.57±3.16% in the 5, 10, and 20 µM groups, respectively. Ailanthone treatment induced significant G0/G1-phase accumulation not observed in the control group (47.5±2.54%; P<0.05; Fig. 3B ).
Ailanthone induces autophagy in HL-60 cells. AO staining was used to observe the formation of acidic vesicular organelles, the main characteristics of autophagy (Fig. 4) . Ailanthone induced noticeable formation of AVOs, which displayed red fluorescence in the lysosomal compartments of HL-60 cells (Fig. 4B) . Control cells treated with 1% DMSO displayed green fluorescence in the cytosolic and nuclear compartments, indicating the lack of AVOs (Fig. 4A) . Those results showed that AVOs to be present in ailanthone-treated HL-60 cells, which suggest that ailanthone may induce autophagy in HL-60 cells. In addition, pretreatment with BaF-A1 displayed sporadic red fluorescence in the cells suggests that ailanthone-induced formation of AVOs in HL-60 cells were attenuated (Fig. 4C) . Pretreatment with BaF-A1 without ailanthone also did not indicate the formation of AVOs (Fig. 4D) . To investigate the effect of ailanthone on the protein expression levels in HL-60 cells that were associated with autophagy, we performed Western blot analysis to measure the levels of beclin-1, p62, and LC3-I/II (Fig. 5A) . Treatment with ailanthone markedly increased beclin-1 levels but decreased and p62 levels (Fig. 5B) . The ratio of LC3-I/II showed that treatment with ailanthone markedly increased LC3-II levels but decreased and LC3-I levels (Fig. 5C) .
Autophagy is associated with ailanthone-mediated apoptosis of HL-60 cells.
To investigate the role of autophagy in ailanthone-induced apoptosis, autophagy inhibitor BaF-A1 (1 or 2 nM) was used. Treatment with ailanthone significantly suppressed the viability of HL-60 cells, and the suppression was significantly attenuated by BaF-A1 (Fig. 6A) . The rate of apoptotic in HL-60 cells was conspicuously reduced by BaF-A1 pretreatment ( Fig. 6B and C) . After treatment with 0 and 10 µM ailanthone for 48 h at 37˚C, the rate of apoptosis among the cells pretreated with 2 nM BaF-A1 was increased from 5.77±0.25 to 26.93±1.74%, which were significantly lower than in the group without pretreated with BaF-A1 (from 3.92±0.14 to 52.05±2.27%; P<0.05'). Those results suggested that the anti-proliferative effects of ailanthone on HL-60 cells may be partially due to the induction of autophagy-mediate apoptosis.
Discussion
Ailanthone, which is extracted from the traditional Chinese medicinal plant Ailanthus altissima (3), has been thoroughly demonstrated to have anticancer activity in previous studies (4) (5) (6) (7) (8) (9) . However, the anti-proliferative effects of ailanthone on HL-60 cells and mechanisms that may underlie these effects have been poorly understood. The present study is the first to demonstrate the potent-cytotoxicity of ailanthone against HL-60 cells. The mechanisms that underlie these effects may involve induction of autophagic cell death in HL-60 cells.
In the present study, we found that the rate of apoptosis in ailanthone-treated HL-60 cells to increase in a dose-dependent manner and this effect may be associated with an increase in the number of cells arrested at the G0/G1 phase. The cell cycle is the overall process of the cell from the beginning of a division to the end of the next division that allows the cell to proliferate, and is divided into four consecutive phases, known as G0/G1, S, and G2/M phases (20) . Although G0 is often referred to as the quiescent phase, G0-phase cells are still quite with respect to cellular growth and are strictly regulated to determine when the cell will enter other stages of the cell cycle (21) . The mitogenic signaling mediated by the RAS/RAF/MAPK pathway promotes this shift, whose endpoint is the stimulation of D-type cyclin production (22). Our study suggested that ailanthone induces cell cycle arrest of HL-60 cells at the G0/G1 phase. In addition, a previous study found that ailanthone significantly induced cell cycle arrest at the G1/S phase in Huh-7 hepatocellular carcinoma cells (9) . In eukaryotic cells, the process of G2/M cell cycle is regulated by protein B (cyclinB)-p34cdc2, G2/M phase arrest takes place mainly in a p53-dependent manner. Watson et al (23) , investigated a p53 wild-type MCF-7 cell line and p53 mutated MDA-MB-231 cell line. They found that the cell cycle of p53 wild-type MCF-7 cell line was arrested at the G1 and G2 phases under ionizing radiation, while p53 mutated MDA-MB-231 cells were arrested at the G2/M phase. Drug-induced cell cycle modulation not only varies between the same cell line treated with different drugs, but also in different cells after treatment with the same drug. Lavhale et al (24) , found ailanthus excelsa chloroform extract-1 extracted from Ailanthus excels could induce S/G2-M cell cycle arrest in MDA-MB-231, MCF-7, and PC3 cells and a G1 arrest in B16F10 cells. Treatment with AECHL-1 results in a significant decrease in the levels of c-Myc, CDK-4, and cyclin D1 in B16F10 cells, while the expression level of p21 was increased. p21 forms a complex with CDK2/CDK4/CDK6 and inhibits the CDK-cyclin kinase activity phase and arrests cells in the G1 phase (24) . Therefore, we believe that the induction of cell cycle arrest at different phase by compounds extracted from ailanthus may be associated with a variety of factors, such as mutation of p53 gene and expression level of p21 in tumor cells and so on. In conclusion, these results demonstrated that the anti-proliferative effects of ailanthone on HL-60 cells were partially due to the induction of apoptosis and G0/G1 phase cell cycle arrest.
A previous study showed that some anti-cancer chemotherapy drugs can induce autophagic apoptosis in malignant tumor cells, thus inhibiting the proliferation of tumor cells (25, 26) . In autophagy, targeted cytoplasm constituents are isolated from other parts of the cell, which forms a double membrane called autophagosome. Then, the autophagosome enters the lysosome through the cytoplasm, and the two organelles fuse. In the lysosome, the contents of the autophagosome are degraded by acidic lysosome hydrolase (27, 28) . Our experiment indicated the presence of acidic vesicular organelles in HL-60 cells after treatment with ailanthone by AO staining, which suggested that ailanthone may induce HL-60 cells autophagy. Bafilomycin-A1 is a V-type ATPase inhibitor, which can prevent acidification and alters the membrane potential of some specific layers. Treatment with Baf-A1 will eventually lead to block in fusion of autophagosomes with lysosomes, thus preventing the maturity of autophagy (29, 30) . There are several autophagy inhibitory reagents different from Baf-A1, such as E64d/pepstatin-A or chloroquine. E-64d is a membrane-permeable cysteine protease inhibitor, which can block the activity of a subset of lysosomal hydrolases. Pepstatin-A is an aspartyl protease inhibitor to inhibit lysosomal protein degradation. E-64d should be used in combination with pepstatin-A to inhibit lysosomal protein degradation (31) . Chloroquine is lysosomal compounds, and elevate/neutralize the lysosomal/vacuolar pH. Chloroquine improve the lysosomal pH value and the ultimately inhibition of autophagosomes and lysosome fusion, thereby preventing autophagosome maturation of autophagosomes into autoly-sosomes (32) . Using E64d/pepstatin-A or chloroquine may better interpret the autophagy flux. However, our experiment refers whether or not autophagy is activated. Our currently study using Baf-A1 could clear to see the formations of autophagic vacuoles were suppressed under microscope.
We then investigated ailanthone-induced autophagy in HL-60 cells. The autophagy levels of the cells were found to be very low in a physiological environment; the major function of autophagy is degradation and recycling of senescent organelles and longevity proteins, which allow the cells to live longer (14-16). The role of autophagy in cells is paradoxical and when cells are faced with physiological or pathological stresses, the autophagy levels can increase significantly, which can lead to cell death (33, 34) . Autophagy is associated with molecular regulation of autophagy associated protein, such as LC3, beclin-1, and p62. LC3 is an important protein in the autophagy process, during which cytoplasmic pattern LC3 (LC3-I) is converted to autophagosomal membrane LC3 (LC3-II), resulting in elevated LC3-II levels (35) . The beclin-1 gene is located on chromosome 17q21, which is homologous with the yeast autophagy gene Apg6/Vps30 and involves in the composition of the class III PI3K complex (36) . Beclin-1 is a critical protein in the formation of autophagosome encoded by beclin-1 gene. Beclin-1 may mediate cell apoptosis by binding to the apoptosis-associated protein bcl-2 (37). p62 is a multifunctional ubiquitin protein, participating in the ubiquitin-proteasome system and the autophage system. With the occurrence of autophagy, p62 protein is incorporated into autophagosomes and then degraded (38) . We found that ailanthone increased beclin-1 and LC3-II levels but decreased and p62 levels in a dose-dependent manner. Those results indicated that beclin-1, p62, and LC3 may participate in ailanthone inducted-autophagy in HL-60 cells. A recent paper found that ailanthone inhibits the proliferation activity of vestibular schwannoma cells by blocking the Ras/Ras/Raf/MEK/ERK and mTOR pathways through down-regulating the expression of mir-21. They observed that ailanthone reduced CyclinD1 protein levels, indicating that ailanthone may block vestibular schwannom cells in the G1 phase of cell cycle. Furthermore, their experiment also found that ailanthone enhanced the protein expression of LC3-II and Beclin-1, reduced the expression of p62, indicating that ailanthone may induce vestibular schwannom cells autophagy (39) . Unlike this, our study is the first to demonstrate the potent-cytotoxicity of ailanthone against HL-60 cells. We observed the formation of acidic vesicular organelles by AO staining, visually see the characteristic performance of autophagy. In addition, we investigated whether ailanthone-induced autophagy is associated with apoptotic cell death in HL-60 cells. The MTT assay and annexin V-FITC staining assay suggested that the anti-proliferative and pro-apoptotic effects of ailanthone on HL-60 cells were significantly reversed following pretreatment of autophagy inhibitor BaF-A1. These results suggested that ailanthone-induced autophagy may play a pivotal role in apoptotic cell death in human promyelocytic leukemia cells. In summary, the present study is the first to demonstrate that ailanthone extracted from Ailanthus altissima has anti-proliferative effects on HL-60 cells in vitro. We further found that these effects were partially due to the induction of apoptosis and G0/G1 phase cell cycle arrest. We found that ailanthone induces HL-60 cell autophagy possibly through the modulation of beclin-1, p62, and LC3 proteins expression. In addition, we found that the anti-proliferative and pro-apoptotic effects of ailanthone on HL-60 cells were significantly reversed by inhibiting autophagy. These results suggest that ailanthone-induced autophagy in the HL-60 cells likely involves autophagic cell death. However, considering the potential fluctuation of p62 and LC3-II levels during the process, the absence of data at other time points besides 48 h would be a limitation of the present study. Further studies are need to determine the details of the mechanism underlying autophagic and apoptotic cell death induced by ailanthone in leukemia cells, and to evaluate the anti-proliferative effects of ailanthone on leukemia cells in vivo. Our results revealed the pharmacological activity of ailanthone on HL-60 cells and suggest that ailanthone could be a suitable therapeutic agent for the treatment of leukemia.
